Knowledge is limited on the changes in tree water uptake over short timescales in shallow soils underlain by fractured rocks under humid climate conditions. This study explored the changing patterns of tree water uptake at two forests (camphor) and two orchards (peach and tea) over multiday timescales. We collected water isotopic samples (δD and δ 18 O) from rainfall, spring, tree branch, soil and fissure between two rain events (8-day duration). The trees in the forest lands exhibited a larger variability in stem water isotopic composition than the trees in the orchards. Significantly different changing patterns of stem water isotopic composition were found between the orchards and the forest lands. On average, the fissure contributed most of the tree water uptake (46.1 ± 20.8%) compared to the soil layer (33.9 ± 17.7%) and shallow groundwater (20.0 ± 13.5%). Main water sources for the trees in this study shifted at a daily timescale. Compared to orchards, forest trees had a relatively large range of source water and a good water use strategy in the shallow soilrock profile under humid climate conditions. This study emphasizes the importance of characterization of the changing patterns of stem water isotopic composition over short timescales.
INTRODUCTION
Soil water is a key factor controlling plant growth and ecological and hydrological processes across multiple spatial climates are believed to rely mainly on shallow roots to obtain water in areas with frequent precipitation and abundant shallow soil water (Guswa ; Schenk ; Gaines et al. ), but this case needs to be further explored in shallow soils underlain by thick bedrock under humid climate conditions. Besides, tree water isotope ratios shifted significantly after intervening rain events (Schwinning ).
Schwinning () found that stem water isotope ratios also shifted after the summer-drought-ending rain event, and species effects were again non-significant. Nie et al.
() found the water source shift for woody plants growing on dolomite outcrops and nearby soils during dry seasons in karst region at monthly timescales. Ehleringer et al. () found that, by fall, when the moisture from the summer rains was essentially depleted, woody perennials had shifted between possible water sources.
The isotopic fingerprint has significantly improved our understanding of many hydrological and ecological pro- ). However, few studies have combined the situation of shallow soil and humid climate conditions and investigated the changing patterns of tree water uptake over short timescales, which is vital for the improvement of hydrologic and land-surface models considering the soil-rock profile.
Small-timescale experiments help to gain insight into the tree water isotope shift and tree water use strategy in response to source water change. The main objectives of this study were to: (1) identify the changing patterns of stem water isotopic compositions; and (2) identify the variations in the proportions of water uptake over a short timescale in shallow soils underlain by fractured rocks in eastern China. This study also provides evidence on whether the water stable isotopic composition can be used to reveal the variations in plant water sources on such a short timescale.
MATERIALS AND METHODS

Site description
The experimental sites are situated in a typical peri-urban catchment (∼29 km 2 ) in Ningbo city, eastern China 
Sample collection and preparation in the field
Water for the δD and δ 18 O analysis was collected from rainfall, a nearby spring (∼2.6 km away), soils, and tree branches. Rainwater samples were collected during rainfall by using a glass funnel (diameter: 10 cm) connected to a polyethylene bottle (0.6 L). A table tennis ball was placed in the funnel to reduce evaporation (Zhao et al. b) . Seepage spring water was collected five times, corresponding to the soil and plant sampling campaigns (total of six spring samples because two samples were collected at the first sampling campaign). In the study area, trees are likely to rely on deep roots and extract shallow groundwater.
Spring water is the easily accessible source for shallow groundwater (Nie et al. ) . Thus, the isotopic composition of spring water could be used to represent that of shallow groundwater potentially obtained by trees.
Soil samples used for the δD and δ 18 O analysis were collected five times between two typical rainfall events (amount: 6.7 and 8 mm, maximal precipitation rate: 3.2 and 3.8 mm h -1 , duration: 3 and 3.5 h, respectively), from 1st
November to 8th November 2016. The former four samplings were conducted at 2-day intervals, and the last (fifth) sampling was conducted on the day after the fourth sampling replicates of tree samples were taken (one for each tree)
from the suberized xylem (main branches) and at least 1 cm away from any nodes of leaves, and the bark was 
Sample preparation in the laboratory
In the laboratory, solid samples were stored at À20 C and water samples were stored at 4 C. Water was extracted from the plant and soil samples using a cryogenic vacuum distillation system (LI-2100, LICA, Beijing, China), an automatic machine with standard parameter settings (Wang et al. ) . The extraction process required 2.0-3.5 h, depending on the sample materials and the water content of the samples. Rain and extracted water were filtered using 0.22-μm organic-phase pin-type filters to eliminate impurities and organic contamination (Wang et al. ) .
The δD and δ 18 O in the stem water were measured using 
).
All of the soil samples for the δD and δ 18 O analysis were weighed before and after the water extraction. After cryogenic extraction, the samples were oven-dried at 110 C for more than 48 h to obtain the soil water content, check the efficiency of the water extraction (no change in the weight of the extracted sample denoted 100% efficiency of water extraction). The water extraction for the soil samples was re-conducted if the water extraction efficiency was less than 98.0% (West et al. ) .
Mixing model calculations
Deep groundwater was not used as a potential water resource because in this area it is buried deep (>19 m).
Thus, soil water, fissure water, and shallow groundwater were regarded as the three water sources for tree water uptake. A three end-member mixing model was used to estimate the contributions of soil water, fissure water, and shallow groundwater to the plant water:
where X p is the isotopic composition in the plants (δD or δ 18 O); X s , X f , and X g are the isotopic compositions (δD or δ 18 O) in the soil water, fissure water and shallow groundwater; and C s , C f and C g are the contributions of the soil water, fissure water and shallow groundwater to tree water uptake, respectively. The calculation was performed by the IsoSource model (Phillips & Gregg ) .
Soil properties
Soil bulk density was measured in triplicate using steel rings (diameter: 5 cm; height: 5 cm) by the oven-drying method (Mandal et al. ; Sun et al. b) . Antecedent soil moisture content was determined using the oven-drying method Table 1 . The meteorological parameters were determined using a weather station near the experimental sites. The variations in rainfall and humidity for the study period are shown in Figure 2 .
Statistical analysis
The Kolmogorov-Smirnov (K-S) test was performed to determine the normality of the raw data (Sun et al. b) .
Differences in the hydrogen isotopic ratios of the stem water between different sites were detected using the non- 
RESULTS
Variations in stem water isotopic compositions
The isotopic compositions of the stem water were significantly lower compared to the soil water ( 
Changing patterns of stem water isotopic composition
The obvious differences in the changing patterns of stem water δD and δ 18 O between the orchard and forest sites presented for the second sampling campaign. On average, the error bars for the forest lands were larger than those for the orchards.
The time series of isotopic compositions of rainwater, soil water, fissure water, and spring water (groundwater) is shown in Figure 5 . Generally, the temporal variation in isotopic compositions of groundwater in Figure 5 The distinct isotopic signatures of source waters (soil water, fissure water, and groundwater) allowed separation of the specific source component from the other components that contributed to the plant water uptake.
According to the overlapping area between stem water isotopic composition in Figure 4 and source water isotopic composition in Figure 5 , the stem water in forest sites may derive mainly from fissure water while the stem water in orchard sites may derive primarily from soil water.
Relationships between δD and δ 18 O
The isotopic values of stem water were located between the isotopic ratios of soil water and fissure water, and were similar to the isotopic ratios of spring water ( Figure 6 , Table 2 ).
No obvious deviation from the local meteoric water line suggested a limited isotopic fractionation of soil water due to the relatively high air humidity.
The distribution of the isotopic compositions of trees in the orchards was close to that of the soil water, particularly for 7th November, indicating that trees in the orchards primarily obtained water from the soil profile on that day. In contrast, the distribution of the isotopic compositions of trees in the forests was close to that of the fissure water.
The results showed the possible different changing patterns of tree water uptake.
Variations in the proportion of tree water uptake
The water uptake (five sampling time-averaged) fraction of the forests was 34.5 ± 19.9% for the soil layer, 46.3 ± 22.7% for the fissures and 19.2 ± 13.3% for the shallow groundwater, while that for the orchards was 33.3 ± 15.3%
for the soil layer, 46.0 ± 18.6% for the fissures and 20.7 ± 13.6% for the shallow groundwater during the sampling period ( Figure 7 ). On average, the water uptake fraction of all the trees was 33.9 ± 17.7% for the soil layer, 46.1 ± 20.8% for the fissures and 20.0 ± 13.5% for the shallow groundwater.
On days with a rain event (first and fifth sampling campaigns), the water of the forest trees was derived mainly from the soil layer (44.7%) compared to the fissure Schwinning () found that stem water isotope ratios also shifted after the summer-drought-ending rain event, and species effects were again non-significant. Nie et al.
() found the water source shift for woody plants growing on dolomite outcrops and nearby soils during dry seasons in the karst region on a monthly timescale. This study proved that the water source shift occurred on daily timescales and differed from plant species. Given the fact that there 
CONCLUSIONS
Trees in the forest lands had a larger variability in stem water isotopic composition than trees in the orchards, indicating a large range of source water. Significantly different changing patterns of stem water isotopic compositions were found between the orchards and the forest lands. On days with a rain event, the water of the forest trees was derived mainly from the soil layer (44.7%), while the water of the orchards was derived mainly from the fissures (66.3%). On days without a rain event, the water of the forest trees was derived mainly from the fissures (52.4%), while the water of the orchards was derived mainly from the soil layer (42.8%). On average, the fissure contributed most of the tree water uptake (46.1 ± 20.8%) compared to the soil and shallow groundwater. Main water sources for the trees in this study shifted at daily timescales in the soil-rock profile under humid climate conditions. Compared to orchards, forest trees had a relatively large range of source water (e.g. deeper fissure water) and a good water use strategy in the shallow soil-rock profile in consideration of random drought even under humid climate conditions. This study emphasizes the importance of characterization of the changing patterns of stem water isotopic composition over short timescales.
